Shepherd RD, Kos SM, Rinker KD. Flow-dependent Smad2 phosphorylation and TGIF nuclear localization in human aortic endothelial cells. Am J Physiol Heart Circ Physiol 301: H98 -H107, 2011. First published April 13, 2011; doi:10.1152/ajpheart.00668.2010.-Endothelial cells respond to fluid flow stimulation through transient and sustained signal pathway activation. Smad2 is a signaling molecule and transcription factor in the Smad signaling pathway, traditionally associated with TGF-␤. Although phosphorylation of Smad2 in the receptor-dependent COOH-terminal region is the most appreciated way Smad2 is activated to affect gene expression, phosphorylation may also occur in the MH1-MH2 linker region (L-psmad2). Here, we show that in human aortic endothelial cells (HAEC), Smad2 was both preferentially phosphorylated in the linker region and localized to the nucleus in a flow-dependent manner. The Smad corepressor transforming growth interacting factor (TGIF) was also found to have flow-dependent nuclear localization. Tissue studies confirmed this L-psmad2 generation trend in rat aorta, indicating likely importance in arterial tissue. HAEC-based inhibitor studies demonstrated that L-psmad2 levels were not related to MAPK phosphorylation, but instead followed the pattern of pAkt 473 , both with and without the phosphatidylinositol 3-kinase inhibitor PI-103. Akt and Smad species were also shown to directly interact under flow relative to static controls. To further evaluate impacts of PI-103 treatment, expression profiles for two TGF-␤ and shear stress-dependent genes were determined and showed that mRNAs were lower from untreated 10 dyn/cm 2 than 2 dyn/cm 2 average shear stress cultures. However, upon exposure to PI-103, this trend was reversed, with a stronger response observed at 10 dyn/cm 2 . Taken together, the results of this work suggest that fluid flow exposure may influence endothelial gene expression by a novel mechanism involving Akt, L-psmad2, and TGIF. shear stress; mitogen activated protein kinases; plasminogen activator inhibitor 1; platelet-derived growth factor subunit B; mechanotransduction; transforming growth interacting factor FLUID FLOW IS KNOWN TO IMPACT the physiology of endothelial cells, both in vivo and in vitro, as evidenced by the display of flow-dependent phenotypes. In particular, patterns of gene expression show a shear stress dependency, with altered profiles seen for cells from static culture, low shear stress (Յ4
FLUID FLOW IS KNOWN TO IMPACT the physiology of endothelial cells, both in vivo and in vitro, as evidenced by the display of flow-dependent phenotypes. In particular, patterns of gene expression show a shear stress dependency, with altered profiles seen for cells from static culture, low shear stress (Յ4 dyn/cm 2 ), and moderate shear stress (Ն10 dyn/cm 2 ) (1, 18, 20) . Cells exposed to prolonged moderate shear stress (24 h) exhibit an antiapoptotic and antiproliferative phenotype compared with those from static culture, and these characteristics are similar to those exhibited by cells in vivo (39) . Furthermore, it has been found that endothelial cells exposed to prolonged fluid flow (12-24 h ) align with flow and have suppressed inflammatory responses (2, 4, 30, 37) .
We previously reported that human aortic endothelial cells (HAEC) exhibited prolonged phosphorylation of multiple MAPK species in a flow-dependent manner (31) . This finding suggests that physiological responses related to shear stressderived MAPK phosphorylation may be an important part of tissue adaptation to the flow environment. Therefore, in this study, we undertook an investigation of possible consequences of prolonged MAPK signaling and focused upon linker region phosphorylation of Smad2.
Smads are signaling molecules and transcription factors with well-defined roles in transforming growth factor-␤ (TGF-␤) signaling. But they have also been implicated in non-TGF-␤-dependent mechanisms, including responses to shear stress. When TGF-␤ binds to surface receptors, phosphorylation of COOH-terminal Smad2 serine sites is initiated and enables association with Smad4 (27, 29, 44) . These complexes translocate to the nucleus where they can participate in diverse gene expression responses (9, 22, 23, 32, 35) . However, it has also been shown that Smad2 can be phosphorylated in its MH1-MH2 linker region, with several kinase pathways implicated in this activity, including the MAPKs ERK (17) and JNK (3, 25) . Depending upon the context, linker phosphorylated Smad2 has been shown to both be arrested in the cytoplasm and to form Smad4 complexes and translocate to the nucleus. As such, linker region phosphorylation of Smad2 may result in either activation or inhibition of gene transcription (3, 15, 17) .
The role of Smads in shear stress-induced gene expression has been investigated only to a limited extent. Although shear stress has not been found to affect the level of Smad2 mRNA (36) , it has been shown to alter Smad2-dependent gene transcription. Brown et al. (3) found that 18 h of steady laminar 10 dyn/cm 2 shear stress activated Gal4-Smad2 reporter constructs in transformed bovine aortic endothelial cells. Cotransfecting cells with dominant negative MAP kinase kinase kinase 1 (MEKK-1) inhibited this activity, implying a dependence on constituents of the JNK signaling pathway. However, to our knowledge, no studies of linker phosphorylated Smad2 and fluid flow have been conducted in human endothelium or in arterial tissue sections.
Several genes have been shown to exhibit sensitivity to both shear stress and TGF-␤ signaling, including serpine-1 and platelet-derived growth factor subunit B (PDGF-B). Serpine-1 [formerly known as plasminogen activator inhibitor 1 (PAI-1)] has shown reductions in both mRNA and soluble protein levels following a day of shear stress exposure (24, 45) , and PDGF-B has been observed to have a similar type of shear stress mRNA regulation (21) . Both gene promoters have also been shown to interact directly with Smad proteins (9, 34) . As such, these genes make good candidates to evaluate the potential effects of shear flow and any subsequently phosphorylated Smad2.
As reviewed by Ross and Hill (27) , a multitude of species can either phosphorylate or interact with Smads, resulting in diverse responses that appear to be dependent upon physiological context, additional signaling pathways, and cell type. When Smads result in repression of gene transcription, there are corepressors that participate in the formation of regulatory complexes on or near gene promoters. One of the earliest characterized of these corepressors is transforming growth interacting factor (TGIF). TGIF has been shown to function by associating with Smads in the nucleus and recruiting histone deacetylases (43) . Additionally, TGIF may also function as a target for other proteins that participate in gene repression (42) , indicating that TGIF is an important regulator of Smad-based gene repression.
The work presented here was undertaken to evaluate the consequences of the prolonged MAPK phosphorylation we previously reported and is largely focused upon the flowdependent generation of linker phosphorylated Smad2 in HAEC. Additionally, we examined potential roles for linker phosphorylated Smad2 in flow-exposed endothelial cultures and analyzed tissue from two regions in the rat aorta to determine whether linker phosphorylated Smad2 was differentially regulated with flow in vivo.
MATERIALS AND METHODS
Cell culture and flow experiments. For protein and RNA extraction and analysis experiments, HAEC (Lonza, Walkersville, MD) were cultured on glass plates precoated with collagen I, and the parallel plate flow system was set up and operated as described previously (31) . Briefly, the volumetric flow rates (Q) of flow medium that corresponded to average wall shear stresses of 2 dyn/cm 2 and 10 dyn/cm 2 shear stress () were determined using the following equation, ϭ 6Q/wh 2 , where is the fluid viscosity (3 cP), w is the channel width (6.2 cm), and h is the channel height (0.036 cm). Flow medium viscosity elevation to 3 cP was achieved by adding 3% 500,000 MW dextran (Spectrum Chemical Manufacturing, New Brunswick, NJ). Flow was provided by a Masterflex peristaltic pump and tubing (Cole Parmer, Montreal, QC, Canada) and yielded pulsatility indexes of 0.80 and 0.55 for the 2 dyn/cm 2 and 10 dyn/cm 2 cases, respectively, with corresponding frequencies of 0.33 Hz and 0.80 Hz. Hydrostatic pressure was maintained at 80 Ϯ 5 mmHg by continuous sparging of 5% CO 2 in air (Praxair, Calgary, AB, Canada).
For inhibitor experiments, the compounds were added to media bottles before flow initiation and remained there for the entire experimental time of 20 h. The MEK-1 inhibitor PD-98059 (10 M) and the phosphatidylinositol 3-kinase (PI3K) inhibitors LY294002 (40 mol/l) and PI-103 (1 mol/l) were used at the indicated concentrations, and all were obtained from EMD Biosciences (Gibbstown, NJ). HAEC for Duolink Assays were grown on standard glass microscope slides coated with collagen using the procedure referenced above. Flow chambers with appropriately sized top plates were then assembled with 0.01-in. (0.025 cm)-thick silicone rubber gaskets (described in Ref. 38) and operated identically to the larger chambers. For static experiments, the growth medium was replaced with the same flow media used for flow studies for 20 h before cell harvest. Protein extraction. Cytoplasmic/membrane protein fractions were obtained as described previously (31) , with all solutions prechilled on ice and samples stored at Ϫ80°C until analysis. Following these steps, nuclear proteins were harvested by first rinsing the plates/nuclei twice with cold PBS to remove any remaining cytosolic protein. Coldinhibited MES buffered saline [MBS; 25 mmol/l MES; 0.15 mol/l NaCl (pH 6.5); 4% complete protease inhibitor (Roche Applied Science, Laval, QC, Canada), and 1% halt phosphatase inhibitor cocktail (Thermo Scientific-Pierce, Rockford, IL)] was added to the attached nuclei. Nuclei were then removed from the glass by scraping with a cell scraper, collected, and stored on ice. A second volume of MBS was added, and the scraping and collection repeated. A final wash of the glass plates was performed with an additional MBS volume, and this was also added to the nuclei sample. A volume of 10% SDS was added to achieve a final SDS concentration of 0.1% in the samples, and the nuclei were extracted 5 min at room temperature with vortex. Following extraction, nuclear protein samples were concentrated to a final volume of Ͻ100 l using Amicon Ultra Centrifugal concentration tubes (Millipore, Billerica, MA) and stored at Ϫ80°C until analysis.
Western blotting. Protein concentrations were determined by BCA kit (Thermo Scientific-Pierce), and samples denatured, run on SDS-PAGE gels, and electroblotted as previously described (31) . Blot membranes were blocked for 1 h in ECL Advance Blocking Agent (GE Healthcare, Baie D=urfe, QC, Canada), and primary antibodies were applied at an appropriate dilution (1:1,000 -1:2,000) in blocking agent and incubated overnight at 4C on a shaker. Duolink assay. Slides supporting static control and flow-exposed HAEC were removed from either static culture or the flow chambers, respectively, rinsed twice with 12 ml cold PBS, and fixed with 4% p-formaldehyde (PFA; Sigma-Aldrich, Oakville, ON, Canada) in PBS for 20 min at room temperature. Following fixation, slides were rinsed four times with 12 ml PBS and washed once for 15 min in another PBS volume. Cells were then permeablized with 4 ml 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 min at room temperature. Following permeablization, cells were washed two times with 4 ml PBS, and assay wells were created along the flow path with an Elite Pap Pen (Diagnostic Biosystems, Pleasanton, CA). Cells within each well were blocked and assayed with the Duolink II Kit (Olink Bioscience, Uppsala, Sweden) with volumes of 15 l per well. Primary antibodies to the targets of interest for each assay were used at the recommended immunofluorescence dilution (or 1:400 if no dilution given) and were from Cell Signaling Technology (pAKT 473 , Smad2 raised in rabbit, Akt) or Santa Cruz Biotechnology (Smad2 raised in mouse; Santa Cruz, CA). Detection was accomplished with the Duolink Orange Fluorphore, with excitation and emission wavelengths analogous to Cy3 dye. Samples were imaged on an Olympus FluoView FV1000 confocal laser scanning microscope (Markham, ON, Canada) and accompanying FluoView software (version 2.1b), using an Olympus 40ϫ objective. Image sorting and conversion was performed with Image Pro Software, version 6 (Media Cybernetics, Bethesda, MD).
RNA extraction. Cells on glass plates exposed to 20 h of flow, with or without PI-103 (1 M), were removed from the flow system, washed twice with cold PBS, trypsinized, scraped from the plate, collected, and stored on ice. Cells were pelleted by spinning at 250 g, the supernatant was removed, and RNA was extracted via the Bio-Rad Aqua-Pure Kit (Mississauga, ON, Canada). Following extraction, hydrated RNA samples were stored at Ϫ80°C until analysis.
Real-time PCR. RNA was assayed with the Ribogreen Kit (Invitrogen, Burlington, ON, Canada). RNA (1 g) was converted to cDNA via the qScript Kit (Quanta Biosciences, Gaithersburg, MD) and diluted to a final volume of 200 l. A further 10 l 1:10 cDNA template dilution (5 ng) was loaded per analysis well, and quantitative PCR was carried out with Perfecta SYBR Green SuperMix (Quanta Biosciences) on a Bio-Rad iCycler iQ real-time PCR instrument. Primers for human serpine-1 and PDGF-B were obtained from Qiagen-SA Biosciences (Frederick, MD) and were used according to the manufacturer's instructions. Human PPIH (cyclophilin H) was used as the housekeeping gene, and relative expression was determined by the 2 Ϫ⌬⌬CT method. Primers for PPIH were: 5=-CGGACCGGGCTT-TAGGTTCG-3= (forward) and 5=-TTCCTGACCGCCAATACTGA-CAT-3= (reverse).
Tissue immunofluorescence. As a kind gift from Dr. Quentin Pittman, University of Calgary, secondary tissue was obtained from Wistar rats (Charles River Laboratories International, Wilmington, MA) subjected to primary experiments approved by the University of Calgary Health Sciences Animal Care Committee. Briefly, the rats were deeply anesthetized with pentobarbital sodium (65 mg/kg) and perfused transcardially with 120 ml cold PBS followed by 120 ml 4% PFA (Acros Organics-Thermo Fisher Scientific, Ottawa, ON, Canada) in PBS. Following fixation, whole aortas were dissected and postfixed in cold 4% PFA-PBS for 24 h. Aortas were then washed twice in 1.5 ml PBS, cleaned, and cut into sections (arch and thoracic) for staining. Before staining, each section was transferred to a well of a 48-well plate and permeablized 10 min at room temperature with 500 l 0.1% Triton X-100 in PBS. Following permeablization, sections were washed four times with 500 l PBS. The tissue was then blocked overnight at 4C with 5% rabbit serum (Sigma-Aldrich) in PBS and gentle rocking. After this step, the tissue was rinsed twice with 3% bovine serum albumin fraction V (BSA; Thermo Fisher Scientific) in PBS and blocked in this solution for 2 h at 4C. A working solution of L-psmad2 antibody (1:500) was prepared in BSA-PBS, and a 250-l aliquot was applied to each section after removal of the blocking volume. Primary antibody incubation was performed overnight at 4C with gentle rocking. Following incubation, the antibody solution was removed, and the tissue was rinsed four times with 500 l 3% BSA-PBS. A fifth volume was added to each well, and the tissue was washed for 15 min at room temperature. A working solution of goat anti-rabbit Alexa 555 secondary antibody (Invitrogen, Burlington, ON, Canada) was prepared (1:400) and aliquoted to each sample (250 l/well) following removal of wash buffer. Secondary antibody was incubated in the dark for 1 h at room temperature with gentle rocking.
Following secondary labeling, the wash steps were repeated, but only with PBS. A working solution of Hoechst 33258 Dye (Invitrogen) was prepared at 1 g/ml, and nuclear staining was conducted with 250 l/well in the dark for 15 min at room temperature. After removal of the Hoechst solution, PBS wash steps were repeated and the samples were stored in a fresh 500-l volume of PBS until mounting. Fully labeled tissue samples were trimmed as required under a stereomicroscope to enable them to lay flat and were mounted en face on a microscope slide with Prolong Gold Antifade Reagent (Invitrogen). Slides were allowed to dry in the dark overnight, and the samples were imaged as described for the Duolink Assay.
Statistical analysis. Data are reported as means Ϯ SE. For Western blotting results, the ratios of active to total species were calculated for each lane, and/or ␣-tubulin was used as a loading control, unless otherwise indicated. Blot to blot comparison was accomplished via standard samples, and statistical significance of results was determined by ANOVA. ) was measured by Western blot to determine whether the imposed flow conditions influenced its generation. As shown in Fig. 1A , linker phosphorylated Smad2 (L-psmad2) in the cytosol was 31% higher from 10 dyn/cm 2 cultures than those exposed to 2 dyn/cm 2 . This species was also found in the nucleus, with nuclear levels 50% higher in cells from 10 versus 2 dyn/cm 2 average shear stress, indicating that the protein was able to translocate to the nucleus upon phosphorylation. Differences in L-psmad2 levels were not due to changes in expression of Smad2 protein, as it was found to be constant under both average shear stress conditions (data not shown), but were related to phosphorylation of linker region sites. Similarly, both cytosolic and nuclear levels of Smad4 were also found to be invariant in response to the different flow conditions (data not shown).
RESULTS

Levels and nuclear translocation of L-pSmad2 varied
Flow exposure preferentially phosphorylated Smad2 in the linker, not COOH-terminal, region. Because phosphorylation of Smad2 in the linker region is not the primary mechanism by which this protein is known to be functionally activated and induced to translocate to the nucleus, experiments were conducted to verify that L-psmad2, and not COOH-terminal TGF-␤ receptor 1 (TGFR1) phosphorylated Smad2, was the primary species identified under flow conditions. COOH-terminal phosphorylated Smad2 (ser 465/467 ) was not detected in flow-exposed cultures, but it was identified upon TGF-␤ 1 treatment (Fig. 1B) . These findings indicate that L-psmad2 was indeed the primary species in both cytosolic and nuclear protein fractions from flow experiments and that the antibody systems employed in these studies were capable of allowing discrimination between the differentially phosphorylated forms of Smad2.
L-psmad2 was generated following flow initiation, and levels remained relatively constant. To investigate the appearance and maintenance of L-psmad2 expression over the 20-h duration of the flow experiments, the intermediate time points of 1 and 10 h were studied for both flow conditions. As shown in Fig. 2 , L-psmad2 was significantly elevated versus static control in both cases following 1 h of flow exposure, and the level of expression was relatively constant for each flow condition through the terminal time point. A significant decrease was observed for 2 dyn/cm 2 between 1 and 10 h ( Fig. 2A) . However, by 20 h, levels were again statistically similar to that observed at 1 h, and as discussed for Fig. 1A , more abundant in 10 versus 2 dyn/cm 2 cultures. These results demonstrate that once L-psmad2 is generated in response to flow stimulation, it is maintained for at least a day.
ERK inhibition did not alter L-psmad2 levels in flow-exposed cells. Because ERK is known to phosphorylate the Smad2 linker region, and we have previously found prolonged ERK phosphorylation in shear-exposed cells (31) that follows a pattern similar to that of L-psmad2 described above, the role of ERK in generating the L-psmad2 profiles observed at 20 h was investigated. The small molecule inhibitor of MEK1 (upstream of ERK) PD98059 was introduced to the 10 dyn/cm 2 experimental medium before the onset of flow (10 mol/l) and retained for the duration of the experiments. As shown in Fig. 3A , the levels of phosphorylated ERK1 and ERK2 after 20 h of flow were each reduced by 40% in the presence of the inhibitor; however, the amount of L-psmad2 (Fig. 3B) was not affected.
PI-103, but not LY294002, decreased L-psmad2 levels in flow-exposed cells; JNK and p38 phosphorylation did not correlate to L-psmad2 abundance.
Because ERK inhibition did not alter L-psmad2 levels in the experimental system, the other MAPKs we previously identified to have prolonged phosphorylation under shear flow, JNK and p38, were considered for their involvement in Smad2 phosphorylation. Most chemical inhibitors of the JNK and p38 pathways function downstream of these proteins, but evidence suggests the species that interact with the Smad2 linker region are upstream or inclusive of JNK and p38 (3) . Therefore, the PI3K inhibitors LY294002 and PI-103 were selected to take advantage of overlap and cross talk between PI3K and MAPK upstream of JNK and p38. LY294002 (40 mol/l) and PI-103 (1 mol/l) were added directly to the experimental medium, as was done for PD98059. Following 20 h of flow exposure, L-psmad2 levels were reduced 50% in the presence of PI-103, but not affected by LY294002 (Fig. 3C) . JNK phosphorylation was similarly not influenced by LY294002 after 20 h of flow/inhibitor exposure (data not shown). However, PI-103 treatment did affect phosphorylation of JNK1 (but not JNK2), yielding an increase of twofold over noninhibited levels (Fig. 3D ). This increase in JNK1 phosphorylation was in opposition to the effect of PI-103 on L-psmad2. This finding, along with the lack of an effect on JNK2, indicates that JNK was not directly involved in the generation of the observed L-psmad2. Phosphorylation of p38 did not respond significantly to either inhibitor, indicating that it too was not directly involved with Smad2 phosphorylation under the conditions investigated (data not shown). The general lack of response to LY294002 treatment may be due to differences in inhibitor effectiveness, molecule half-life (assays were conducted 20 h after addition of inhibitor), or functionality between PI-103 and LY294002.
Levels of phosphorylated Akt were flow dependent, and its modulation was similar to that of L-psmad2. Akt has been shown to exhibit increased activity with elevated shear stress (10) . This, along with the reduction in L-psmad2 observed upon PI-103 treatment, prompted an examination of the behavior of Akt in both flow conditions and PI-103-treated cells. PI-103 is a specific, potent, and unique inhibitor of PI3K, and it strongly affects Akt phosphorylation (13) . The levels of Akt phosphorylated at thr308 [pAkt 308 ] were not affected by changes in flow; however, Akt phosphorylated at ser473 [pAkt 473 ] was increased 51% in cultures exposed to 10 versus 2 dyn/cm 2 average shear stress magnitude (Fig. 4A ). This result matched the observed increase in L-psmad2 under the same flow condition (Fig. 1A) . Similarly, PI-103 inhibition of 10 dyn/cm 2 cultures decreased pAkt 473 levels by 83% (Fig. 4B ).
This result again matched the behavior of L-psmad2 (Fig. 3C) for the same condition. Treatment with LY294002 did not alter either Akt phosphorylation level at 20 h, and PI-103 did not significantly affect pAkt 308 (Fig. 4B) . These findings, when considered with the other data presented in this study, suggest Plot points and blot quantification was performed as in Fig. 1 Fig. 5A , total Akt and total Smad2 were found to associate in response to 20 h of flow exposure relative to static control. An additional experiment was conducted with antibodies to pAkt 473 and Smad2, and, as shown in Fig. 5B , indicates that those species also preferentially associated following flow exposure. These results demonstrate that there can be direct interaction between Akt and Smad2 species in response to flow stimulation in cultured HAEC and are consistent with results of the PI-103 experiments in suggesting that flow-dependent pAkt 473 may be responsible for the generation of at least a portion of the observed L-psmad2.
PI-103 affected mRNA expression for shear stress and TGF-␤ sensitive genes. Given the effect PI-103 had on Lpsmad2, we performed an initial examination of the potential functional consequence of treatment with this inhibitor on two genes that are both shear stress and TGF-␤ sensitive, serpine-1 (serpine) and PDGF-B (PDGF). As shown in Fig. 6, A and B, mRNA expression for both genes was found to trend as expected with shear stress, being significantly lower (serpine, 2.9-fold; PDGF, 2.4-fold) from 10 versus 2 dyn/cm 2 cultures following 20 h of flow exposure. However, upon treatment with PI-103 during flow experiments, this trend was reversed. Additionally, the response observed at 10 dyn/cm 2 was much stronger (serpine, 8.9-fold; PDGF, 10.5-fold) than that from 2 dyn/cm 2 (serpine, 2.4-fold; PDGF, 2.2-fold). Taken together, these findings indicate that culture treatment with PI-103 during flow exposure reduced flow-induced repression of serpine and PDGF mRNA and that effect of PI-103 on a factor present under the higher average shear stress resulted in a much stronger effect.
Nuclear TGIF levels were increased in a flow-dependent manner. Based upon PI-103 gene expression analyses and their correlation to the PI-103-induced reduction in L-psmad2 levels, it was decided to examine cofactors that could participate in Smad2-dependent inhibition of serpine and PDGF mRNA expression. The Smad corepressor TGIF was selected for specific analysis due to its documented role in this capacity. Examination of TGIF expression in the cytoplasm of flowexposed cells showed no correlation to the flow condition (data not shown). However, as presented in Fig. 7 , the amount of TGIF measured in the nucleus was 4.5-fold higher from 10 versus 2 dyn/cm 2 average shear stress cultures. This result correlates well with the other findings of this work (that for uninhibited cultures serpine and PDGF gene expression was lower at 10 vs. 2 dyn/cm 2 , whereas L-psmad2 levels were higher) and supports the idea that a reduction in L-psmad2 by PI-103 may have contributed to the alteration of mRNA expression profiles through a decreased association with nuclear TGIF.
Increased L-psmad2 staining was evident in rat aortic tissue exposed to high/uniform versus low/oscillatory average shear stress profiles. To determine whether the flow-dependent generation L-psmad2 observed in vitro had relevance to an in vivo setting, secondary use rat aortic tissue was obtained and stained for L-psmad2 in both the lesser curvature of the aortic arch and thoracic aorta sections. Tissue from these locations provides relative models of low/oscillatory and high/uniform shear stress and flow profiles that have been well characterized in anatomically similar mice (14, 33) and has been used to analyze biomarkers related to these flow conditions (5, 33) . Figure 8 presents representative results of this work and clearly shows that L-psmad2 was more abundant in endothelial cells from the high/uniform shear stress thoracic region compared with the lower/oscillating shear stress arch.
DISCUSSION
This study represents the first report of Smad2 linker region phosphorylation dependence on fluid flow in human endothelial cells and shows that the flow-dependent generation of this species translates to the rat in vivo aortic environment. Additionally, for cultured cells, results indicate that L-psmad2 was able to enter the nucleus, establish flow-dependent TGIF nuclear levels, and suggest that flow-dependent gene expression may be mediated by nuclear L-psmad2 and TGIF. These conclusions are supported by several findings. First, differential flow stimulation did not alter the total expressed levels of Smad2 protein, indicating that the changes in L-psmad2 were due to upstream kinase activity derived from flow conditions, likely involving pAkt 473 . Second, L-psmad2 was the active form of Smad2 detected in cell extracts; COOH-terminal phosphorylation was not observed in response to flow stimulation. Finally, serpine and PDGF mRNA expression were altered in response to PI-103 in a manner that modeled changes in L-psmad2 and pAkt 473 levels. An important finding of this study is that L-psmad2 was expressed in rat aortic tissue with levels that varied according to flow characteristics/shear stress distribution. This both confirms and extends the results of our culture work by demonstrating that differences in L-psmad2 abundance are generated and maintained over the long-term in a flow-dependent manner in rodent aorta. Whereas other factors differ between the lesser curvature of the aortic arch and the thoracic aorta, e.g., the possible presence of arch oscillating flow (33) , this consistency of results suggests a role for average wall shear stress in determining L-psmad2 expression. When taken together with the other data presented in this study, it is possible to conclude that the generation and actions of L-psmad2 may have direct consequences on endothelial physiology, including the development of atherosclerosis.
Results from cultured HAEC show that MAPK activity was not primarily responsible for L-psmad2 generation, as might have been expected based upon previously published data describing linker phosphorylation (8, 17, 26) , its relationship to MAPKs (12, 15) , and our own work showing prolonged flow-dependent phosphorylation of ERK, JNK, and p38 species (31) . Inhibition of MEK/ERK with PD98059 produced a 40% reduction in the activity of both ERK1 and ERK2 without generating a similar response in L-psmad2 levels. Additionally, treatment with both LY294002 and PI-103 did not affect the JNK or p38 pathways in a manner that correlated to L-psmad2 behavior. But the reduction in pAkt 473 upon PI-103 treatment matched that observed for L-psmad2, indicating that this kinase species, or its associated upstream activators/downstream targets, are likely participating in L-psmad2 generation. This hypothesis was given additional support by the demonstration of flow-dependent interactions between total Akt and Smad2, as well as pAkt 473 and Smad2, as determined by Duolink Assays on static and flow-exposed cells.
The possibility of a correlation between linker region Smad2 phosphorylation and Akt has not been previously demonstrated. Phosphorylation of Akt as a consequence of shear stress-dependent PI3K activity has been reported in human umbilical vein endothelial cells (11) , and this is in agreement with our pAkt 473 data. PI3K/Akt activation has also been found to stimulate interaction among components of those pathways and Smads 2 and 3 in cells with active TGF-␤ receptor signaling (28) . Additional work has shown a dependence of Smad3 linker region phosphorylation on Akt (7) and also demonstrated Akt can participate in the nuclear behavior of Smad3 by influencing interactions with CREB binding protein as well as its acetylation. These findings are particularly interesting in light of our L-psmad2 and Duolink results and support our conclusion that that there is most likely a direct relationship between flow-derived pAkt 473 and L-psmad2. Further studies are needed to expand upon the Duolink results presented here to evaluate how Akt and/or components of its phosphorylation cascade and L-psmad2 may be related in flow-exposed endothelium.
PI-103 treatment produced additional effects on flow-exposed HAECs as evidenced through evaluation of serpine and PDGF mRNA expression, indicating that there were consequences to its actions on the cells beyond the reduction in pAkt 473 and L-psmad2 species. The influence on mRNA expression was especially pronounced at 10 dyn/cm 2 , yielding order of magnitude fold changes (PDGF), or nearly so (serpine), versus untreated cultures. This increase was between four and five times that seen for the same genes with PI-103 at 2 dyn/cm 2 , indicating that a factor involved with flow-mediated gene repression was affected by PI-103. This finding correlates well with the reduction in L-psmad2 seen under the same conditions and, because of the shear stress/TGF-␤ sensitivity of these genes, implies a relationship between increased levels of mRNA and lower amounts of L-psmad2. We have made additional observations of endothelial cells cotreated with PI-103 and TGF-␤ under flow stimulation that demonstrate widespread cell detachment and/or death, whereas introduction of either of these compounds alone does not affect cell viability or retention (RD Shepherd, SM Kos, unpublished observations). Although the specific interactions remain to be determined, all of these results indicate that PI-103 alters endothelial cell responses to flow stimulation in an important way that appears to involve Smad signaling.
The discovery that nuclear levels of TGIF were also flow sensitive fits well with a model of flow-derived L-psmad2, Fig. 8 . Representative en face confocal microscopy images of rat aortic sections stained with antibody to L-psmad2. Nuclei are counterstained with Hoechst 33258 dye. Enhanced signal from thoracic sections indicates that more L-psmad2 was generated in this high shear stress region compared with the low shear stress arch; n ϭ 5 (intact aorta dissections divided into arch and thoracic samples).
impacting HAEC gene expression. The presence of L-psmad2 in nuclear protein fractions, and the coincident presence of Smad4, suggests that L-psmad2 should have been capable of functionally interacting with Smad-specific DNA binding sites (22, 23, 35) and/or additional transcription factors (19, 26) and coactivators/repressors (23) . Nuclear TGIF levels were found to be nearly five times higher from 10 versus 2 dyn/cm 2 average shear stress, correlating well with the expression of serpine and PDGF mRNA expression before PI-103 treatment. Upon reduction of L-psmad2 generation with PI-103 treatment, it follows that TGIF/Smad2-dependent gene repression could be alleviated. Given the data presented here, a model can be proposed that describes a flow-dependent generation of Lpsmad2 and its nuclear translocation, while similarly influencing nuclear localization of TGIF. These events would allow L-psmad2/TGIF to affect gene expression through association with promoter sequences and various partners, depending on the specific physiological environment.
Although not conclusive, the results of our preliminary work are intriguing and lay the foundation for additional investigations into the flow-derived physiological properties of endothelial cells by establishing the presence of several novel phenomena. Due to the nature of our experimental system, we cannot explicitly correlate our in vitro findings to differences in average shear stress exposure, since variations in frequency and pulsatility index were also present between the conditions. It is possible that these characteristics contributed to the observed behavior of L-psmad2 and TGIF (6, 16, 40, 41) . However, our findings present the first evidence that prolonged differential flow exposure can influence both tissue-based and cultured endothelial L-psmad2 levels, as well as subsequent L-psmad2 and TGIF nuclear translocation in cultured cells. Given the apparent in vivo regulation of L-psmad2 observed in rat aortic tissue, specific investigations into the influence of individual flow parameters (e.g., waveform and frequency) upon the generation and actions of L-psmad2 in endothelial cell systems are indicated and may provide new targets for vascular disease intervention. Additionally, the possibility that Akt is involved in the flow-dependent generation of L-psmad2, and that nuclear L-psmad2 and the Smad corepressor TGIF are agents of flow-dependent gene expression, is quite interesting. The larger potential for Smads and their partner proteins to be adaptable effectors of mechanical forces in endothelial cells opens new avenues of research that may have implications in multiple areas of human development, health, and disease.
